A primary cilium is a microtubule-based sensory organelle that plays an important role in human development and disease. However, regulation of Akt in cilia and its role in ciliary development has not been demonstrated. Using yeast two-hybrid screening, we demonstrate that Inversin (INVS) interacts with Akt. Mutation in the INVS gene causes nephronophthisis type II (NPHP2), an autosomal recessive chronic tubulointerstitial nephropathy. Co-immunoprecipitation assays show that Akt interacts with INVS via the C-terminus. In vitro kinase assays demonstrate that Akt phosphorylates INVS at amino acids 864-866 that are required not only for Akt interaction, but also for INVS dimerization. Co-localization of INVS and phosphorylated form of Akt at the basal body is augmented by PDGF-AA. Akt-null MEF cells as well as siRNA-mediated inhibition of Akt attenuated ciliary growth, which was reversed by Akt reintroduction. Mutant phosphodeador NPHP2-related truncated INVS, which lack Akt phosphorylation sites, suppress cell growth and exhibit distorted lumen formation and misalignment of spindle axis during cell division. Further studies will be required for elucidating functional interactions of Akt-INVS at the primary cilia for identifying the molecular mechanisms underlying NPHP2.
Introduction
Primary cilia are microtubule (MT)-based sensory organelles that arise from a basal body surrounded by pericentriolar material and extend from the surface (where the mother centriole is located) during growth arrest in most vertebrate cells (Nigg & Raff, 2009; Hildebrandt et al, 2011) (Suizu et al, 2016) . Based on their MT components, cilia are classified as motile (9 + 2) or primary (9 + 0) (Marshall, 2008; Gerdes et al, 2009 ). The physiological importance of primary cilia is well established given that disruption or malfunction of cilia results in a variety of human diseases called "ciliopathy", which includes cystic kidney diseases, hydrocephalus, blindness, obesity, polydactyly, diabetes, cognitive impairment, and developmental disorders (Otto et al, 2003; Zariwala et al, 2007; Adams et al, 2008; Marshall, 2008; Gerdes et al, 2009; Nigg & Raff, 2009; Tory et al, 2009; Hildebrandt et al, 2011) .
The serine-threonine kinase Akt is a major downstream target of PI3K, which plays important roles in cancer pathogenesis by directly inhibiting apoptosis and maintaining cell metabolism by autophagy. Three isoforms of Akt exist in mammalian cells (Brazil et al, 2004; Manning & Cantley, 2007; Noguchi et al, 2014) . Through its biological targets, Akt regulates a wide range of cellular processes, including survival, cell cycle, proliferation, cytoskeletal organization, vesicle trafficking, glucose transport, and platelet function (Noguchi et al, 2007) . Therefore, malfunction of Akt contributes to a wide variety of human diseases including cancer, glucose intolerance, schizophrenia, viral infections, and autoimmune diseases (Brazil et al, 2004; Manning & Cantley, 2007; Noguchi et al, 2014) .
However, the involvement of Akt in signal transduction mechanisms in primary cilia has been poorly characterized. In this study, Inversin (INVS), a ciliary protein with highly conserved ankyrin repeats and IQ domains, was found to specifically bind both Akt2 and Akt3 by yeast two-hybrid screening (Mochizuki et al, 1998; Morgan et al, 2002b; Eley et al, 2004) . Mutations in the INVS gene result in nephronophthisis type II (NPHP2), an autosomal recessive cystic kidney disease that progresses to end-stage renal failure during early infancy and is occasionally associated with situs inversus (Otto et al, 2003; Saunier et al, 2005; Badano et al, 2006; Gerdes et al, 2009; Tory et al, 2009) . Cystic kidney diseases are caused by an amazingly broad array of genetic mutations and manipulations (Otto et al, 2003; Zariwala et al, 2007; Adams et al, 2008; Marshall, 2008; Gerdes et al, 2009; Nigg & Raff, 2009; Tory et al, 2009; Hildebrandt et al, 2011) . However, dysfunction of cilia is suggested to play a role in cystic formation (Oh & Katsanis, 2012) . Altered ciliary signaling disoriented cell division in renal tubules, resulting in renal cyst formation (Happe et al, 2011) .
INVS localizes to the primary cilia of renal epithelial cells and to the nodal monocilia in mouse embryos within the so-called Inversin compartment that is located in the proximal part of primary cilia (Morgan et al, 2002b; Watanabe et al, 2003; Shiba et al, 2009) . During anaphase, INVS relocalizes to the spindle poles, coinciding with the translocation of HEF1 (human enhancer of filamentation) to the centrosome (Eley et al, 2004) . Despite the identification of an increasing number of interacting proteins, the physiological function of INVS has not been fully clarified. INVS interacts with Dishevelled (Dvl), activates PCP (planar cell polarity) signaling, and simultaneously downregulates canonical Wnt signaling by targeting Dvl for proteasome-mediated degradation (Simons et al, 2005) . INVS interacts with anaphase-promoting complex 2 (APC2) through its D-box motif, suggesting that it is involved in cell cycle regulation (Morgan et al, 2002b) . INVS co-precipitates with N-cadherin and catenins, including b-catenin, as well as with calmodulin in polarized epithelial cells (Yasuhiko et al, 2001; Morgan et al, 2002b; Nurnberger et al, 2002; Saunier et al, 2005) . INVS also coordinates with ANKS6 during the pathogenesis of NPHP2 (Hoff et al, 2013) . Moreover, INVS interacts with Aurora A, thereby inhibiting phosphorylation and activation, which consequently interferes with HDAC6-mediated cilia disassembly .
Primary cilia are also implicated in the regulation of various signal transduction mechanisms that control a wide variety of cellular events, including sonic hedgehog (Shh) (Corbit et al, 2005) , Wnt (Benzing et al, 2007; Lancaster et al, 2011 ), TGF-b (Clement et al, 2013a , and platelet-derived growth factor (PDGF)-mediated cell signaling (Schneider et al, 2005) . PDGF receptor alpha (PDGFRa) signaling in the primary cilium regulates fibroblast migration via the Akt signaling pathway (Clement et al, 2013b) . Consistent with this observation, Akt activates a number of growth factors, including PDGF, for mediating downstream signals (Noguchi et al, 2007 . These findings support a possible functional involvement of Akt in the signal transduction of primary cilia. However, the molecular mechanisms underlying the role of INVS in the formation of severe renal cysts in NPHP2 are not fully understood (Otto et al, 2003; Tory et al, 2009 ).
In the current study, we demonstrate that INVS, located at the basal portion of the primary cilia, interacts with Akt in a PDGF-AAdependent manner. Akt also phosphorylates INVS at amino acid residues 864-866. Introduction of either phosphorylation-defective or NPHP2-related mutants of INVS that lack the Akt phosphorylation sites into MDCK (Madin-Darby canine kidney) cells inhibits cell proliferation with aberrant spindle axis orientation during cell division, thereby exhibiting distorted lumen formation. These observations indicate that the interaction between Akt and INVS is of biological significance for primary cilia and dysregulation of this interaction may result in abnormal cyst formation in NPHP2.
Results

INVS associates specifically with Akt in mammalian cells
We conducted yeast two-hybrid screens using human Akt2 and Akt3 as baits. One molecule that bound specifically to Akt2 was a partial coding sequence (860-1,007) of human INVS. Interestingly, a partially overlapping coding sequence of INVS (755-955) was also found to interact with Akt3. To confirm the interaction of INVS with Akt in mammalian cells, we performed co-immunoprecipitation assays. Flag-INVS interacted with HA-Akt1, but not with HA-PDK1 or HA-PrKA, supporting the specificity of the observed interaction ( Fig 1A) . Since INVS was found to interact with both Akt2 and Akt3 in yeast two-hybrid screening, we next examined the specificity of the interaction for each of the three Akt isoforms. Flag-INVS interacted with HA-Akt1, HA-Akt2, and HA-Akt3 in co-immunoprecipitation assays in mammalian cells (Fig 1B) . The interaction of endogenous Akt with INVS was also determined in HEK293 cells that expressed INVS at endogenous levels ( Fig 1C) .
To identify the protein domains required for the Akt-INVS interaction, we generated subfragments of HA-Akt and Flag-INVS for additional co-immunoprecipitation assays. The interaction between HA-Akt and Flag-INVS was mediated through the C-terminal kinase domain of Akt and the middle-to-C-terminal portion of INVS 065) (Fig 1D and E) .
Akt phosphorylates INVS at T864, S865, and T866 in vitro
PDGFRa signaling in the primary cilium regulates fibroblast migration via Akt signal transduction mechanisms (Clement et al, 2013b) . Akt is phosphorylated during mitosis and is present in the centrosome and basal body (Wakefield et al, 2003; Zhu et al, 2009) . Therefore, we next examined whether INVS might be a direct substrate of Akt. Using in vitro Akt kinase assays (IVK) that employed multiple INVS fragments, Akt was able to phosphorylate WT, 1-970, and 1-898 INVS, but failed to phosphorylate the 1-670 fragment of INVS (Fig 2A and Appendix Fig S1A) .
Next, we utilized full-length or deletion mutants of INVS for further dissecting the phosphorylation site of INVS by Akt via IVK assays. Akt phosphorylated full-length INVS and 1-898 INVS, but failed to phosphorylate 1-822, 1-746, and 1-670 subfragments of INVS (Fig 2B) .
We also used additional INVS protein fragments for further dissecting the Akt phosphorylation site(s) on INVS. In contrast to full-length and 1-898 INVS, Akt did not phosphorylate the 1-822, 1-746, and 1-670 subfragments of INVS (Fig 2B) . Consistent with these results, Akt phosphorylated a 675-1,065 INVS fragment, but not the 675-822 or 675-746 INVS fragments (Fig 2C) . Together, these results indicate that Akt phosphorylates INVS in a region between amino acids 823 and 898.
Using the program Scansite (Suizu et al, 2009) , we identified three consecutive amino acids (T864, S865, and T866) as putative Akt phosphorylation targets (Fig 2D) . These consecutive serine and threonine residues are conserved in mammalian species including Pan troglodytes, Canis lupus familiaris, Bos taurus, or Oryctolagus cuniculus, further supporting the physiological significance of phosphorylation of these residues in vivo (Appendix Fig S1B) . Recombinant wild-type (WT) INVS and a triple-alanine-substitution mutant of the three consecutive threonine and serine residues at 864, 865, and 866 (hereafter designated as "3A") within the 824-898 subfragment of INVS were generated. Akt phosphorylated the WT fragment (824-898), but failed to phosphorylate the 3A mutant (Fig 2E) .
Importantly, Akt phosphorylated WT, 1-898, and 675-1,065 INVS, but failed to phosphorylate 3A mutants in both the full-length and the 675-1,065 subfragment, as well as in the 727-896, 1-857, or 1-822 subfragments, all of which lack the T864/S865/T866 target The EMBO Journal Functional Interaction of Akt with Inversin Futoshi Suizu et al residues ( Fig 2F) . Together, these results demonstrate that INVS is a direct substrate of Akt and that Akt phosphorylates INVS at one or several of the serine/threonine residues at T864/S865/T866.
INVS and phosphorylated Akt are located at the basal region of the primary cilia PDGF controls the migration, differentiation, and activity of a variety of specialized mesenchymal and migratory cell types, both during development and in the adult animal (Hoch & Soriano, 2003; Schneider et al, 2005 Schneider et al, , 2010 Christensen et al, 2007) . Interestingly, PDGFRa signaling in the primary cilium regulates fibroblast migration via Akt signaling (Schneider et al, 2005; Clement et al, 2013b) . Primary cilia organize and extend from the basal body (from the mother centriole) where activated Akt is constitutively present (Zhu et al, 2009) , suggesting that Akt may be involved in ciliary development.
Using confocal microscopy, we found that active Akt (phospho-S473 Akt) localized to the basal body of primary cilia or to a centrosome-like structure in dividing cells (Fig 3A) . Consistent with previous reports, INVS also localized to the proximal region in primary cilia, in the so-called Inversin compartment (Shiba et al, 2009) or ciliary base at the centrosome in dividing cells (Fig 3B) . INVS also co-localized with c-tubulin, a centrosome marker, in confluent cells (Fig 3C) . Phosphorylated INVS, detected by an antiphospho-Akt substrate antibody in immunoblots (see Fig 2) , localized to the basal region of the primary cilia in confluent cells (Fig 3D) . Upon PDGF-AA stimulation, INVS appeared to be the same position with phospho-Akt substrate at ciliary pocket. PI3K inhibitor (LY294002) inhibited phospho-S473 Akt localization at ciliary pocket (Appendix Fig S2B-E) .
To further dissect the precise localization of Akt and INVS at the ciliary base, we employed a silver-intensified immunogold method for electron microscopy. Our results showed that both phospho-Akt and INVS localized to the basal body, close to the ciliary pocket, only after PDGF-AA treatment (Fig 3E and F) . Phosphorylated Akt, but not INVS, is accumulated at the ciliary pocket prior to PDGF-AA treatment (Appendix Fig S2A) .
PDGF-AA stimulates co-localization of INVS and phosphorylated Akt PDGF-AA is known to mediate intracellular Akt signaling in cilia (Schneider et al, 2005; Christensen et al, 2007; Clement et al, 2013b) . Since Akt interacted with and phosphorylated INVS, we next examined whether PDGF-AA stimulation affected the colocalization of INVS and Akt. PDGF-AA stimulation of cells resulted in a time-dependent increase in active Akt-INVS interaction at the basal body (Fig 4A and B) .
Since Akt phosphorylates INVS, we next examined whether Akt kinase activity affects its interaction with INVS. In co-immunoprecipitation assays, INVS preferentially bound to WT Akt or a phosphomimetic mutant of Akt (T308D/S473D), but failed to interact with a phosphorylation-deficient Akt mutant (T308A/S473A) (Fig 4C) . To further examine the role of Akt activation in Akt-INVS interaction, we stimulated HEK293T cells with PDGF-AA, which mediates Akt signaling in primary cilia. As expected, the interaction of Akt with INVS was clearly augmented by PDGF-AA administration (Fig 4D) .
Since INVS localizes to the Inversin compartment of primary cilia, we next examined how PDGF-AA affects the localization of INVS (WT vs. 3A) . Consistent with a previous report (Shiba et al, 2009) , both WT and 3A INVS localized at the Inversin compartment of primary cilia under serum-starved conditions (Fig 4E, left-side panels). After PDGF-AA stimulation, however, INVS relocalized to the proximal portion of primary cilia around the basal body ( Fig 4E, right-side panels) where phosphorylated Akt was constitutively 
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Akt controls ciliary development through the phosphorylation of INVS at T864/S865/T866
Our observations thus far supported the hypothesis that the interaction between Akt and INVS played an important role in the control of ciliary growth. Therefore, we examined whether Akt phosphorylated INVS at T864/S865/T866 in a physiological context. PDGF-AA treatment, which activates Akt, induced phosphorylation of WT INVS (Fig 5A, top panel) . The phosphorylation of INVS could be suppressed by LY294002, MK2206, or GSK690693 inhibitors for Akt, indicating that INVS phosphorylation at T864/S865/T866 was indeed mediated by Akt in a physiological context. An increase in Akt phosphorylation at both S473 and T308 sites was observed after GSK690693 treatment due to a feedback mechanism (Okuzumi et al, 2009) . Similar results were obtained after stimulation of HEK293 cells with serum (Appendix Fig S3A) or stimulation of COS-7 cells with PDGF-AA (Appendix Fig S3B) . Next, we co-transfected Myr-Akt, a constitutive active form of Akt (Suizu et al, 2009) , to induce Akt kinase activity along with WT or 3A INVS to examine the phosphorylation levels of INVS in a physiological context. WT, but not 3A INVS, was phosphorylated by Myr-Akt, demonstrating that the T864/S865/T866 residues are phosphorylated by Akt in vivo (Fig 5B) . In co-immunoprecipitation assays, 3A interaction with Akt was weaker as compared to WT INVS indicating that phosphorylation of the T864/S865/T866 residues was important for physical interaction of INVS with Akt ( Fig 5C) . These observations were consistent not only with the finding that the C-terminal domain of INVS was responsible for the interaction with Akt (Fig 2) , but also with the observation that colocalization of INVS and Akt was stimulated by PDGF-AA induced activation of Akt (Fig 4) . Moreover, the relatively weaker ability of 3A INVS to dimerize (Fig 5D) highlights the physiological importance of INVS phosphorylation in addition to its C-terminal domainmediated function (Shiba et al, 2009 ).
These observations prompted us to examine whether Aktdependent phosphorylation of INVS at T864/S865/T866 affects ciliary development. For studying the role of Akt in ciliogenesis, we used Akt1/2 siRNA to inhibit Akt expression in a dose-dependent manner (Appendix Fig S3C) . Both ciliary length (Fig 5E and Appendix Fig S3E) and ciliogenesis (Appendix Fig S3D) were suppressed by Akt knockdown. Furthermore, reintroduction of siRNA-resistant Akt (Matsuda-Lennikov et al, 2014) rescued these effects on ciliary development (Fig 5E and Appendix Fig S3D) . Consistent with these observations, primary cilia development was inhibited in Akt-null MEFs that lacked Akt1, Akt2, and Akt1/2 (Appendix Fig S3F) . Notably, the observed inhibition was stronger in Akt2-null MEFs than in Akt1-null MEFs, suggesting that Akt2 plays a more prominent role in ciliary development than Akt1.
The primary cilium typically grows in G1 and is lost before mitosis; however, the physiological regulation of its growth is not fully clarified (Santos & Reiter, 2008) . We next examined whether phosphorylation of INVS at T864/S865/T866 had a biological impact on ciliogenesis. We introduced either WT or 3A INVS in cells for examining ciliary development. In contrast to control cells or cells expressing WT INVS, cells expressing 3A exhibited impaired ciliogenesis (Fig 5F and G) .
INVS controls proper alignment of the spindle axis during metaphase
Symmetric cell division plays an important role in the maintenance of cellular homeostasis, with regard to cellular shape, structure, and function. Asymmetric cell division can lead to various human A Confocal microscopy shows that active Akt (phospho-S473 Akt) is localized in the basal body of primary cilia (arrows) (right-side panels show higher magnification). B INVS is localized in the proximal region of the Inversin compartment in primary cilia (arrows) (Inversin compartment, right-side panels show higher magnification). C INVS co-localizes with c-tubulin, a centrosome marker (arrows). D Anti-phospho-Akt substrates stain positively at the basal region of the primary cilia (arrows), as determined by anti-acetylated tubulin staining (right-side panels show higher magnification). E Silver-intensified immunogold electron microscopy shows that both phospho-Akt (left-side panels) and INVS (right-side panels) were localized to the ciliary pocket of primary cilia in the presence of PDGF-AA (white arrows). F Schematic representation of the view from an electron microscope. A PDGF-AA stimulation enhances localization of active Akt (phospho-S473 Akt) at the basal body of primary cilia (arrows) (right-side panels show higher magnification). B Quantification of co-localization of phosphorylated Akt (green) and INVS (red) at the indicated time points after PDGF-AA stimulation revealed a time-dependent increase. Co-localization was measured by counting yellow pixels (co-localized area) using Imaris software (Bitplane AG). Results presented are means AE SE (n = 31 at time 0, n = 35 at 1 min, and n = 33 at 3 min). Three independent experiments were analyzed with similar results. Statistical significance was determined by Student's t-test. The Morrison & Kimble, 2006; Hildebrandt et al, 2009 Hildebrandt et al, , 2011 (Fig 6B) . In order to retain correct cell polarity during cell division, the mitotic spindle must align with the axis of polarity. Therefore, these observations suggest that phosphorylation of INVS by Akt regulates the correct formation of renal tubules by spatially controlling the spindle orientation of regenerating tubular cells. Wnt signaling, known to function in primary cilia (Schneider et al, 2005; Christensen et al, 2007) , can switch from canonical to noncanonical Wnt signaling pathways based on targeting of cytoplasmic Dvl for ubiquitin-dependent degradation (Simons et al, 2005; Benzing et al, 2007) , which controls the orientation of spindle axis alignment (Kikuchi et al, 2010) . Therefore, we examined the effect of INVS on Wnt signaling by using TCF-reporter assays. Consistent with previous reports (Simons et al, 2005; Benzing et al, 2007) , WT INVS inhibited Wnt transactivation, and this effect was reversed by truncation mutants of INVS (Q671X or R603X) found in patients (Tory et al, 2009) (Fig 6C) . The Inhibitory effect of Wnt signal by WT INVS was reversed by NPHP2-related mutant forms of INVS (R899X, Q671X, or R603X), which is correlating with the expression levels of Dvl (Fig 6D) . Notably, 3A or phospho-mimetic INVS showed no effect on Wnt signaling, suggesting that the C-terminus of INVS, but not Aktdependent phosphorylation of INVS at 864-866, plays a major role in Wnt signaling, presumably by degrading Dvl.
Phosphorylation of INVS controls size and proper lumen formation
Mutations in the INVS gene are suggested to cause the malfunctioning of primary cilia, resulting in cystic kidney diseases in NPHP2 (Simons et al, 2005; Tory et al, 2009; Oh & Katsanis, 2012; Ong, 2013) . The presence of a cilium is thought to be closely related to cell differentiation and the establishment of proper polarity during development (Simons & Walz, 2006) . We examined a model in which disrupted Wnt signaling, which is known to control spindle orientation (Kikuchi et al, 2010) , may result in the manifestation of disrupted lumina. We used a 3D culture system of MDCK cells for evaluating cystic formation of the kidney in vivo (Veikkolainen et al, 2012) . Therefore, we examined the differences in lumen formation by WT, 3A, phospho-mimetic, and C-terminal truncated INVS (R899X, Q671X, and R603X (Tory et al, 2009) ) in 3D MDCK cell cultures. Immunoblotting showed that all INVS proteins were equally expressed (Appendix Fig S4A) . WT or phospho-mimetic INVS-expressing MDCK cells exhibited a precisely formed, round lumen, with a uniform small size, similar to those in control transfected cells (Fig 7A and B and quantifications are shown in Fig 7C  and D) . However, mutant INVS (3A and NPHP2-related C-terminally A Schematic describing the measurement of spindle angle (h) (Kikuchi et al, 2010) . Z-stack images were obtained from 0.45-lm-thick sections of metaphase cells and the angle between the axis of metaphase spindle and that of the substrate surface, which is termed the spindle angle, was calculated. 
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The EMBO Journal truncated forms of INVS (R899X, Q671X, and R603X)) exhibited a large, distorted lumen with increased cyst formation. These observations suggested that INVS was important for the correct development of the renal tubular lumen. Interestingly, expression of both Q671X and R603X INVS, which lack the Akt phosphorylation sites, resulted in a more severely distorted lumen than that observed with R899X, which retains the Akt phosphorylation sites, suggesting that phosphorylation of INVS at T864/S865/T866 was important for the proper formation of the renal tubule, thereby explaining the presence of abnormal renal cysts in NPHP2. We next examined whether different mutants of INVS (phosphomutants or truncated forms of INVS) differentially affected cell proliferation. Cells expressing WT or phospho-mimetic INVS proliferated more efficiently as compared to cells that expressed 3A or clinically relevant C-terminal truncated INVS (R899X, Q671X, and R603X) (Appendix Fig S4B) . Since tubular epithelial cells are endowed with a predetermined cellular program that controls the orientation of cell division relative to the neighboring cells during lumen formation (Simons & Walz, 2006) , our observations support the finding that phosphorylation of INVS by Akt plays an important physiological role in lumen formation.
Discussion
The cilium is a hairlike structure that extends from the cell surface to the extracellular space. Primary cilia are sensory organelles that regulate mechanisms of epithelial cell polarity and cell cycle control, based on mechanosensory, visual, and other stimuli (Marshall, 2008; Gerdes et al, 2009; Nigg & Raff, 2009; Hildebrandt et al, 2011) . However, the involvement of Akt in the regulation of ciliary signaling has been poorly characterized.
Using yeast two-hybrid and co-immunoprecipitation assays, we have demonstrated that Akt interacts with INVS. INVS mutations result in NPHP2, an autosomal recessive cystic kidney disease, which leads to severe kidney failure in early childhood (Otto et al, 2003; Tory et al, 2009; Oud et al, 2014) . Consistent with the phenotype of Inv À/À mice, an animal model for NPHP2 (Mochizuki et al, 1998; Morgan et al, 2002b; Eley et al, 2004) , INVS knockdown by antisense morpholino oligonucleotides causes pronephric cysts in zebra fish (Simons et al, 2005) . Genetic analysis of NPHP2 patients revealed a premature stop codon in INVS in most patients, although in some cases single-amino acid-substitution mutations were detected (Otto et al, 2003; Tory et al, 2009; Oud et al, 2014) . These clinical observations highlight the observation that the C-terminus of INVS has an important biological function in the mature INVS protein. Since the Aktinteracting domain of INVS was found by co-immunoprecipitation experiments to be in the internal/C-terminal domains of INVS, the truncated forms of INVS present in NPHP2 patients are expected to have a weaker interaction with Akt, hinting at a causative relation between the disrupted Akt-INVS interaction and the manifestation of NPHP2.
The intracellular localization of INVS has been intensively studied in an attempt at unraveling its physiological function. INVS is primarily localized at the so-called Inversin compartment at the proximal portion of primary cilia (Shiba et al, 2009 ). However, INVS was found to have a dynamic expression pattern throughout the different phases of the cell cycle in MDCK cells (Morgan et al, 2002b) . In polarized interphase cells, INVS localized to primary cilia, basal bodies, nucleus, and cell-cell borders; however, it localized to the spindle poles in metaphase and anaphase (Morgan et al, 2002b; Nurnberger et al, 2002 Nurnberger et al, , 2004 .
We showed that co-localization of INVS and phosphorylated Akt at the basal body can be augmented by PDGF-AA treatment. Furthermore, immunoelectron microscopy revealed that phosphorylated Akt was present at the ciliary pocket in nonstimulated conditions (after 24-hour serum depletion) to promote the growth of primary cilia.
We showed that PDGF-AA stimulation induces translocalization of INVS from the Inversin compartment to the basal body, where activated Akt is constitutively present (Zhu et al, 2009) . Notably, the levels of phosphorylated Akt at the basal body remain high after serum starvation, which allows primary cilia to grow, even in conditions that are normally sufficient to suppress Akt kinase activity.
In order to efficiently grow cilia, over 48 hours of serum starvation is required in addition to cell confluency on the culture dish. Of note, even after 48 hours of serum starvation for facilitating the growth of primary cilia, phosphorylation levels of Akt and its substrates at the ciliary pocket remained high.
INVS is mainly present at the "Inversin compartment" under normal culture conditions that allow cilia to grow. After PDGF-AA stimulation, INVS moved from the Inversin compartment of the primary cilia to the ciliary pocket, co-localized with Akt that was highly phosphorylated, and was phosphorylated by active for vector, n = 143 for HA-WT, n = 131 for -3D, n = 167 for -3A, n = 144 for -R899X, n = 128 for -Q671X, and n = 144 for -R603X INVS stably transfected MDCK cells).
Two independent experiments showed similar results. Statistical significance was determined by Mann-Whitney nonparametric median test. Akt present at the ciliary pocket. It is noteworthy that while both WT and 3A INVS can relocalize to the basal body of primary cilia upon PDGF-AA stimulation, phosphorylation of INVS is unlikely to play a major role in this relocalization. Confocal microscopy revealed that co-localization of INVS and Akt can be augmented by PDGF-AA. Further, Akt siRNA or Akt(1/2) ablation in MEFs attenuated ciliary growth, suggesting a role for Akt activity in ciliary development. Since PDGF-AA signals through the primary cilium and activates Akt for regulating the direction of migration (Hoch & Soriano, 2003; Schneider et al, 2005 Schneider et al, , 2010 , PDGF-AA can induce INVS to translocalize to the basal body, where it can be phosphorylated by Akt, leading to proper ciliary development. We showed that phosphorylation-defective INVS inhibited ciliogenesis. The role of INVS in ciliary development appeared to be somewhat controversial in different experimental conditions. For example, an in vitro lentiviral-mediated inducible knockdown system was used to show that loss of INVS resulted in the reduced presence of cilia in MDCK cells . In contrast, NPHP2/Inv mice were reported to have cilia of normal length in postnatal tissues . INVS, which interacts with the anaphase-promoting complex protein-2, localizes to the primary cilia of kidney, but is not essential for ciliogenesis (Morgan et al, 2002a) . The frequency of ciliated Inv À/À MEF or inv/inv mutant mice appears to be the same as in wild-type mice (Veland et al, 2013) . Malfunction of ciliary function, which results in disoriented cell division in renal tubules, is implicated in the formation of abnormal renal cysts (Happe et al, 2011; Oh & Katsanis, 2012) . Cystic kidney diseases are known to be caused by an amazingly broad array of genetic mutations and manipulations. The PI3K-Akt-mTOR pathway has been suggested to play a role in the manifestation of cystic kidney diseases. Cystic epithelia display increased proliferation and apoptotic rates (Simons & Walz, 2006) . Akt signaling is a major intracellular mediator of anti-apoptotic response. Therefore, it is plausible that disruption of Akt signaling correlates with increased levels of apoptosis, which leads to progressive deterioration of renal function manifested in human cystic kidney disease patients (Woo, 1995) .
To support this notion, renal cysts form in approximately 30% of patients with tuberous sclerosis, a downstream effector of Akt (Inoki et al, 2005; Huang & Manning, 2009) (Winyard & Jenkins, 2011) . Moreover, mice ablated for the anti-apoptotic protein Bcl-2, which is activated by Akt phosphorylation of BAD at S136 (Datta et al, 1997) , exhibit severe manifestation of cystic kidney disease (Veis et al, 1993) . Of note, however, three isoforms of Akt with redundant biological function are present in the human genome, all of which physically interact with INVS. Single or double knockout of Akt 1/2 in mice may not result in the failure of phosphorylation of INVS. Double knockout of Akt1/3 in mice is embryonic lethal by day 12 (Dummler et al, 2006) ; therefore, triple-knockout mice were not created. These studies may explain the lack of cyst formation in the kidneys of these animals.
We showed that 3A INVS-expressing cells proliferated less efficiently than those expressing WT INVS. Nephronophthisis type II, caused by mutations of NPHP2, is considered an autosomal recessive disease. Thus, the biological effect presented in MDCK cells was considered as primarily overexpression of the dominant negative effects which are overshadowing on top of endogenous expression derived from the wild-type allele. Notably, however, the expression levels of endogenous INVS in MDCK cell appeared to be very low (almost undetectable) compared to the other cell lines (293T, HT1080, MCF7, and Cos-7 cells) we have examined (Appendix Fig S4C) . Therefore, the biological effect of the mutant INVS can be relatively clearly observed by the overexpression experiments in MDCK cells although the biological effects of mutant forms of INVS observed in the MDCK overexpression experiments were possibly due to the dominant negative effect of mutant INVS in the presence of minimally expressing endogenous INVS.
Moreover, two cases of human NPHP2 have been reportedly caused by heterozygous mutation in a single chromosome (A10-1: heterozygous mutation of deletion of 2,908; F75-1: heterozygous variant mutation of pA650P) (Tory et al, 2009) . Although pathogenetic details were not described, three cases of NPHP3, another autosomal recessive type of human nephronophthisis, were associated with only one heterozygous mutation in humans (Tory et al, 2009) .
PI3K-Akt signaling controls cell polarity and chemotaxis, in part, through the regulation of PAKa, which is required for myosin II assembly (Chung et al, 2001; Xue & Hemmings, 2013) . Recent reports suggest that PI3K p110 delta promotes lumen formation by enhancing apico-basal polarity and basal membrane organization (Peng et al, 2015) . Tubular epithelial cells are endowed with a predetermined cellular program that controls the orientation of cell division relative to the neighboring cells. Therefore, spatially controlled division of regenerating tubular cells is suggested to be required for ensuring nephron integrity (Simons & Walz, 2006) . Symmetric cell division plays an important role in the maintenance of cellular homeostasis, and loss of symmetric cell division underlies various human diseases (Morrison & Kimble, 2006) . It has been reported that normal tubules in the kidney undergo oriented cell division, as a consequence, resulting in an elongation of the tubule after division (Lubarsky & Krasnow, 2003) . When oriented cell division is lost, either through defective PCP or via mutations that give rise to PKD (polycystic kidney diseases), tubules become broader and remain short (McNeill, 2009) .
Based on alterations of the angle of the spindle axis during cell division (Toyoshima & Nishida, 2007; Kikuchi et al, 2010) , we correlated misalignment of the spindle axis to mutations found in NPHP2 patients. Since spindles can orient along two different axes, apico-basal and planar, misalignment of the spindle axis in our experimental system may not fully represent or address the pathological nature of the cystogenic formation. Precisely defined structure and architecture at single cell and tissue levels appear to be required for proper nephron function. It is suggested that oriented cell division depends on a correctly positioned spindle axis. Therefore, INVS is suggested to control the orientation of cell division relative to the neighboring cells. When tubules elongate during renal development, tubular cells 
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The EMBO Journal undergo massive proliferation (Simons & Walz, 2006) . Further, Hildebrandt reported that defects in cystoproteins lead to disruption of PCP and formation of renal cysts due to malorientation of the centrosome or the mitotic spindle complex (Hildebrandt et al, 2009 (Hildebrandt et al, , 2011 . Consistently, Happe reported that the renal cyst is characterized by a progressive development of fluid-filled cyst derived from renal tubular epithelial cells. Altered ciliary signaling caused disoriented cell division in renal tubules, which resulted in renal cyst formation (Happe et al, 2011) . Consistent with the observation that INVS acts as a molecular switch between canonical and noncanonical Wnt signaling (Simons et al, 2005; Benzing et al, 2007) , WT INVS inhibited Wnt signaling, an effect that was reversed by NPHP2-related mutant forms of INVS (R899X, Q671X, or R603X), correlating with the expression levels of Dvl. A functional interaction of Wnt signal and Akt via Dvl has previously been suggested (Fukumoto et al, 2001 ). However, introduction of 3A or phospho-mimetic INVS did not reverse the effects of WT INVS on the activation of Wnt signals. These observations suggest that the C-terminus of INVS, rather than the Akt-dependent phosphorylation of INVS at 864-866, plays an important role in Wnt signaling. Further research may be necessary for precisely defining the regulatory domains of INVS that differentially control Wnt signaling and the orientation of the spindle axis within the context of abnormal cyst formation in NPHP2.
Cell polarity refers to spatial differences in the shape, structure, and function of cells. In order to retain proper cell polarity during cell division, the mitotic spindle must be properly aligned with the axis of polarity (Simons & Walz, 2006; McNeill, 2009) . Notably, Akt mediates the activation of glycogen synthase kinase-3 for orchestrating mitotic spindle dynamics and chromosomal alignment (Wakefield et al, 2003) . We showed that cells expressing phosphorylation-defective INVS (3A) or NPHP2-related mutant forms of INVS (Q671X, or R603X), which lack Akt phosphorylation sites, have disoriented spindle axes during cell division. This result can be partly explained by altered Wnt signaling, which is known to control spindle orientation (Kikuchi et al, 2010) . INVS is localized at the spindle poles during anaphase (Eley et al, 2004) where it controls the orientation of cell division, cell polarity, and cell migration (Simons & Walz, 2006; Veland et al, 2013; Werner et al, 2013) . We postulate that loss of INVS phosphorylation possibly underlies the distorted lumen formation observed in NPHP2, perhaps due to disorientation of the spindle axis during metaphase. Abnormal cilia formation and disorganized multi-lumen structures were linked to the pathogenesis of NPHP2, an autosomal recessive renal disorder (Delous et al, 2009) . However, since the spindle axis can be oriented in the apico-basal or planar directions, the measurement of the baso-apical angle of the spindle axis in the experimental system may not fully address the pathological nature of the cystogenic formation.
Both our in vitro kinase assays and cellular experiments with PDGF-AA stimulation, known to transduce signals through primary cilia (Hoch & Soriano, 2003; Schneider et al, 2005 Schneider et al, , 2010 Christensen et al, 2007) , demonstrated that INVS is phosphorylated at its 864-866 serine/threonine amino acid residues. Functionally, we demonstrated that Akt-dependent phosphorylation of these residues is required for ciliary growth, cell proliferation, and proper lumen formation via proper alignment of the spindle axis. The C-terminal of INVS determines the localization of INVS (Shiba et al, 2009) . Interestingly, truncated forms of INVS, which lack the Akt phosphorylation sites (i.e., Q671X and R603X), appear to exhibit relatively severe clinical symptoms and often lead to end-stage renal disease (Otto et al, 2003; Tory et al, 2009; Oud et al, 2014) .
It is possible that impairment of spatially controlled division of regenerating tubular cells due to deregulation of the Akt-INVS interaction underlies the formation of abnormal lumen, perhaps due to loss of spatial orientation and lack of intercellular communication (Fig 8) . Further studies will be required for implicating impaired functional interactions of Akt-INVS at the primary cilia as an underlying mechanism for NPHP2.
Materials and Methods
Yeast two-hybrid assays
Yeast two-hybrid assays were essentially performed as described previously using Akt2 as a bait (Suizu et al, 2009 ).
Construction of INVS expression vectors
Human INVS cDNA was purchased from RPZ and subcloned into the pFLAG-CMV2, pME18s-KOZAK-HA, pEGFP-C2, or pCSII-EF1a. Other forms of INVS construct were generated by restriction digest or PCR.
Co-immunoprecipitation experiments
Co-immunoprecipitation experiments were essentially performed as described previously (Suizu et al, 2009 ). For endogenous Akt-INVS interaction, HEK293 cells were used. The EMBO Journal Functional Interaction of Akt with Inversin Futoshi Suizu et al Co-localization experiment using a confocal microscopy NIH3T3 cells or hTERT-RPE1 cells (ATCC) were transfected with indicated plasmid, fixed with indicated antibodies or DAPI, and examined using a confocal microscope (Olympus).
Immunoelectron microscopy (IEM)
NIH3T3 cells were cultured, fixed, dehydrated, embedded, and immunostained for observation under an electron microscope (H-7100; Hitachi, Tokyo).
Generation of recombinant INVS
Indicated forms of INVS were produced by pGEX6P-3 according to the manufacturer's protocol with verification of the final products.
Luciferase reporter assays
Luciferase reporter assays were essentially performed using DualLuciferase kit (Promega) using 293T cells transfected with indicated INVS or Dvl1-HA by PEI (Suizu et al, 2009 ).
In vitro Akt kinase assays of INVS
IVK were performed essentially using the Akt kinase assay kit (Cell Signaling) with indicated INVS as previously described (Suizu et al, 2009 ).
Proliferation assays
Proliferation assays were performed essentially using xCelligence, and MDCK cells were transduced by lentivirus containing indicated INVS as previously described (Suizu et al, 2009 ).
Statistical analysis
Statistical analysis was performed by Student's t-test or Mann-Whitney test, and P < 0.05 was considered as statistically significant.
Electroporation of siRNA for INVS or Akt
NIH3T3 or hTERT-RPE1 cells were transfected with indicated siRNA by electroporation, harvested, immunoblotted or stained with anti-acetylated tubulin and DAPI, and examined by (FLUO-VIEW FV-1000; Olympus). The cilia length was measured by NIH ImageJ.
Measurement of ciliary length
Indicated cells were transduced with indicated lentivirus vectors or plasmids and immunostained, and the ciliary length was measured as described elsewhere.
Measurement of spindle axis
The linear distance and the vertical distance between the two poles of the metaphase spindles of MDCK cells were measured by taking Z-stack images, and the spindle angle was calculated (Kikuchi et al, 2010) .
Three-dimensional culture 3D culture of MDCK cells was conducted essentially as described elsewhere. The cells were transduced by indicated INVS, mounted into Matrigel, incubated, fixed, permeabilized, stained, and examined using a confocal microscope or differential interference contrast (DIC) microscope.
Further details are provided in Appendix Supplementary Methods.
Expanded View for this article is available online.
